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Abstract. Modulated photoluminescence (MPL) is a powerful technique for determining the effective minority
carrier lifetime (7.) of semiconductor materials and devices. MPL is based on the measurement of phase shifts
between two sinusoidal waves (minimal amplitude excitation; and PL signal). In particular, in situ Ty has been
proven to be an effective measurement at showing changes within a plasma-enhanced chemical vapor deposition
reactor during fabrication of c-Si solar cells. However, the required time for a single measurement, using the
previous method, was 40s. In this paper a new input signal is proposed, called Dolphin’s Wave, providing a
method for decreasing the required measurement period to under 2 s, using superposition, frequency sweeps, and

wavelets.
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1 Introduction

With the development of photovoltaic market to the
Terawatt level, the quality control during manufacturing is
a key issue requiring further research as it can help to
increase the efficiency of the devices as well as their
production yield. Current aims for c-Si solar cell research
always target continuous increase in solar cell efficiency,
while increasing production throughput up to 15,000
wafers per hour (4.2 per second), which sets challenges for
inline control equipment [1]. Effective minority carrier
lifetime (t.¢r) has been shown as a good indicator for the
quality of a photovoltaic cell precursor when performed in
between fabrication stages during manufacturing [2,3]. To
further increase effectiveness, 7.4 measurements must be
done where it is currently not, meaning in situ is required.
In situ T, measurements have been used to show hidden
dynamics of minority carriers in a silicon wafer during
annealing with successful results [4-7]. The standard
method is to use the t.gvalue at a carrier density of 10'” cm 3
to link with the standard operating conditions of a solar cell
[3]. Variation in the illumination intensity profile, using
analytical solutions, has resulted in previous very successful
T measurement devices by Sinton (QSSPC), Fraunhofer
ISE (Self Consistent Determination (SCD)), and BTI
Imaging (Photoluminescent Imaging) [8-10].
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Modulated photoluminescence (MPL) is a contactless
method that can be used to determine the .4 of a photovoltaic
cell via measuring phase shifts between an excitation signal
(laser beam) and an emitted photoluminescence signal [11].
Traditionally MPL is performed using multiple standing
sinusoidal frequencies, and light intensities, to determine the
phase shifts generated at multiple carrier densities from a
semiconductor sample, after which correction formulas are
applied to determine the Tg [4-7,10-13].

It has also been applied for use in determining defects in
Cu(In,Ga)Se which is a thin films photovoltaics material
and in Fluorescence lifetime imaging [12,13].

Torp Measurements have been widely applied to a wide
range of materials, in particular aluminum oxide (AlO,). It
is the focus of numerous research teams, for its excellent
surface passivation quality with crystalline silicon [14]. It
has been applied to current and new solar cell architectures
such as passivated emitter and rear contact, tunnel oxide
passivated contacts, and heterojunction [15-17]. Being
heavily researched throughout the years and currently
being developed via high throughput ALD techniques, it is
clear this material holds promise [18]. AlO, films usually
provide weak passivation in their as-deposited state and
require annealing to activate the formation of a high
density of negative fixed charge which improves the field
effect passivation.

The light soaking effect is one which constant
illumination can either induce degradation or improve a
sample depending on the material type [19,20]. AlO, was
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shown to improve due to light soaking via increasing the
field effect passivation that occurs through the creation of
an inversion layer at the ¢Si/AlO,, which could potentially
allow higher lifetimes to be achieved during production [6].
A trapping and detrapping model where the electrons
tunnel through the interface into traps within the AlO,
layer has been used to describe the mechanism [21].

In this work, an input signal is presented on how to
increase the phase shift measurement speed between two
minimal amplitude sinusoidal waves and across various
light intensities using superposition, frequency sweeps, and
wavelets. The unique features of this technique are
illustrated by a study of the effects of light-soaking on
the field effect passivation provided by AlO, films.

2 Method

The Plasma-Enhanced Chemical Vapor Deposition
(PECVD) reactor being used has been previously described
with an in situ MPL system using a lock-in amplifier to
determine the phase shift of a standing sinusoidal wave,
including the data processing stage after phase shift
extraction for t. [4,6]. The system has been modified by
replacing the lock-in amplifier (Princeton Instrument SR-
830) with a wvoltage function generator/data logger
(DT9847 Series) set at 30 kHz acquisition rate. The applied
laser signal and photoluminescence signal are recorded and
sent to a MATLAB app. Within MATLAB, signal
processing was performed before using the wavelet
coherence function [22]. Wavelet transforms allow for
frequency, time, and information to be extracted from a
signal, in this case phase shift. The DT9847 function
generator was used to apply a custom input signal, to the
laser diode controller (ICT4001 Thorlabs) controlling a
785 nm laser diode (LP785-SF100), creating a collimated
8 mm diameter top hat beam which illuminates the back of
the sample within the PECVD reactor. The emitted
photoluminescence is collected via an optical setup
focusing onto an InGaAs photodiode (FGA10 Thorlabs,
Fig. 1). A FZ N-type silicon wafer, initially cleaned with
hydrofluoric acid, with both sides coated with 9nm ALD
AlO, at 150 °C was used throughout the entire process [7].

3 Results

The initial assumption made for MPL is the approximation
where a wave of miniscule amplitude is equal to a straight line
as to not create a noticeable perturbation [11]. When
generating a standing wave using a digital to analog
conversion device, the number of points per second used to
define the wave must be stated. These points will all relate to
an instantaneous frequency within the generated wave
(Fig. 2).

In digital signal processing, a waveform can be
represented as a series of discrete points generated at
regular intervals in time. By adjusting the amplitude
(intensity) values at each point, the instantaneous
frequency of the waveform can be modified, allowing for
representation of different pieces of information for each
point in time (cf. Fig. 3, Eq. (1)).
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Fig. 1. Schematic of the setup mounted on a PECVD reactor
combining in situ PL. Optics diagram shown in [7].
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Fig. 2. Depiction of the instantaneous frequency in relation to its
standing wave.
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Fig. 3. Top showing the instantaneous frequency of a frequency
sweep with the bottom showing the actual signal.
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Fig. 4. Measured phase shifts using the signal described in
Figure 3 showing the dissociation between points in time.

A frequency sweep is implemented by modifying the
angular rotation of a standing wave giving a range from a
core frequency. The implementation uses a sinusoidal wave
for changing the instantaneous frequency from 10 to 70 Hz
using a core frequency of 40 Hz with range of 30 Hz at a
0.5 Hz sweep rate. Given the applied wave is equal to a set
of dissociated points in time, variation of the measurement
duration should have no effect on the results.

Signal (t) = A xsin (2n (Ct — R*s;+(f?7rft)) ) . (1)

A =amplitude, C'= core frequency (Hz), R=range (Hz),
f=sweep frequency (Hz).

The measured phase shifts (Fig. 4), using a frequency
sweep from 100 to 700 Hz in duration from 2 to 10s, with 2s
steps, each show the same values with all points being unique
from their neighbours. This aligns well with the initial MPL
assumption made. The phase shift was extracted via
performing a wavelet coherence transform in MATLAB
with the standard settings provided. This solves the first
MPL hurdle of slow phase shift measurements at a single
excess carrier density. The limitation of how fast a frequency
sweep can be performed is directly related to the maximum
acquisition rate capable. Such concepts have already been
applied in impedance spectroscopy [23,24].

The second issue to solve regarding MPL is acquiring
the phase shift across multiple excess carrier densities
quickly. In contrast to applying a small amplitude wave to
determine the 7., a large single frequency sinusoidal wave,
covering the entire excess carrier density (light intensity)
range desired, may be applied to determine an effective
electron lifetime via SCD. SCD relies upon induced
hysteresis due to a fast rate of change in the carrier
density based on the illumination intensity [9]. The issue is
solved by doing the opposite of SCD where the change in
light intensity is kept to a minimum in order to not create a
noticeable perturbation within the system. From this
comes Dolphin’s Wave (Fig. 5) where a frequency sweep is
superimposed onto a low frequency standing wave. Due to
each point in time being unique, phase shifts with a
combination of frequencies and excess carrier densities are
created. The base wave being 5.3 Hz with an amplitude of
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Fig. 5. Dolphin’s Wave constructed using a small amplitude
(20mV) frequency sweep (100-700Hz at 3Hz) super imposed
onto a large amplitude (100 mV) low frequency (5.3 Hz) standing
wave.
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Fig. 6. Comparison of standing & Dolphin’s wave showing
3 phase shifts at 0.15 mA acquired in 7 s and ~5000 phase shifts at
0.15mA £0.05 in 0.2s.
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Fig. 7. Comparison of standing and Dolphin’s wave methods
showing 18 phase shifts acquired in 40 s vs 60,000 phase shiftsin 2 s.

100 mV, while the sweep has a frequency range from 100 to
700 Hz with a sweep frequency of 3 Hz and an amplitude of
20mV.

Figure 6 compares three phase shift values (blue points)
determined via using a lock in amplifier (at 0.15mA,
measured in 7s), to a snapshot of ~5000 phase shifts (red
points) measured, at 0.15 + 0.05 mA, in 0.05s out of 0.2 8. A
fitted line further shows that Dolphin’s wave and the
standing wave method both produce the same results. This
is further illustrated in Figure 7 which provides a
comparison between a full measurement using a standing
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Fig. 8. Light-soaking of the AlO, sample at room temperature
over a period of ~2.5h showing an increase of 60us with
measurements every 2s.

wave and Dolphin’s Wave which represents a Lissajous
curve due to the construction of the wave. The previous
system (based on standing waves), required 40s for
18 phase shifts obtained by varying both the laser current
and the frequency, one value at a time. In comparison
Dolphin’s Wave measured 60,000 phase shifts in 2s, which
is based on the 30 kHz acquisition rate. Thus, an example
for MPL using Dolphin’s Wave for a fast phase shift
extraction method is presented which has been successful
to 0.25s for a measurement.

The increase in speed is attributed to removing the need
to record more than 1 point per frequency /phase shift with
the use of wavelets and a frequency sweep. If using a lock-in
amplifier or short term Fourier transform, more points at a
given instantaneous frequency are required to extract a
reliable phase shift for the given frequency.

To calculate a minority carrier lifetime spectrum,
equation (2) is applied to Figure 7 in multiple segments, as
shown in Figure 6, to calculate a series of t,, which then
need to be corrected to Ter using equation (3). A more
detailed explanation can be found here [2,6,13].

_ tan¢

Tm )
w

(2)

7,, = modulated lifetime, ¢ = phase shift based on frequen-
cy, w = frequency (radians).

w(@) =@ (1-Goln ) O

Tof = Corrected lifetime, G = generation rate, n= carrier
concentration.

To demonstrate the effectiveness/stability of the newly
proposed input wave, an AlO, light soaking experiment
was performed at room temperature. Figure 8 shows the 7.
(1015 cm3) measured at room temperature on an as-
deposited AlO, sample. During the measurement the
sample was light-soaked by the 785 nm laser diode with an
average power of 20mW/ cm®  The continuous Tug
measurement was performed for ~2.5h with the lifetime
recorded every 2s at an excess carrier density of 10" cm ™2,
The repeatability of the measurements can be seen due to
the slow increase of 7. allowing for a large number of
measurements to be taken at a given value without
significant deviation occurring demonstrating the repeat-
ability and accuracy. The slight jumps/large bumps
throughout the measurement are due to the internal clock
for the data logger not starting at the same time for each
measurement.
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Fig. 9. Box plots of 3 40s periods highlighted in Figure 8 by
yellow boxes.

A box plot (Fig. 9) is used to provide a simple and easily
interpretable representation of the central tendency,
dispersion, and skewness. Three periods of 40s intervals
were chosen at 3750s, 4810s, and 5880s to compare the
reliability of the method. The interquartile range being
~3 ws allowing for a clear trend to be determined over a
small change in the lifetime value of a sample.

4 Conclusion

A new method has been presented allowing an increase in
speed for performing a real time 7.¢ measurement via MPL.
Dolphin’s wave superimposing a small amplitude frequency
sweep onto, an out of sync, a large amplitude low frequency
standing wave allowed for decreased times for phase shift
extraction. The lowest measurement duration of 0.25s
successfully fulfilled the requirements for the production
throughput target of 4.2 wafers/s. An example of in situ T g
measurements using AlO, light soaking effects was used to
demonstrate the repeatability and accuracy of the method
successfully.

The authors thank Pavel Bulkin for providing the AlOz samples
with which the work was done.
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